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Abstract

The endoprotease furin, which belongs to the family of mammalian proprotein convertase (PC), is synthe-
sized as a zymogen with an N-terminal, 81-residue inhibitory prodomain. It has been shown that the
proenzyme form of furin undergoes a multistep ‘autocatalytic’ removal of the prodomain at the C-terminal
side of the two consensus sites, R78-T-K-R81∼ and R44-G-V-T-K-R49∼. The furin-mediated cleavage at
R44-G-V-T-K-R49∼, in particular, is significantly accelerated in an ‘acidic’ environment. Here, we show that
under neutral pH conditions, the inhibitory prodomain of furin is partially folded and undergoes confor-
mational exchanges as indicated by extensive broadening of the NMR spectra. Presence of many ring-
current shifted methyl resonances suggests that the partially folded state of the prodomain may still possess
a ‘semirigid’ protein core with specific packing interactions among amino acid side chains. Measurements
of the hydrodynamic radii and compaction factors indicate that this partially folded state is significantly
more compact than a random chain. The conformational stability of the prodomain appears to be pH
sensitive, in that the prodomain undergoes an unfolding transition towards acidic conditions. Our NMR
analyses establish that the acid-induced unfolding is mainly experienced by the residues from the C-terminal
half of the prodomain (residues R44–R81) that contains the two furin cleavage sites. A 38-residue peptide
fragment derived from the entire pH-sensitive C-terminal region (residues R44–R81) does not exhibit any
exchange-induced line broadening and adopts flexible conformations. We propose that at neutral pH, the
cleavage site R44-G-V-T-K-R49∼ is buried within the protein core that is formed in part by residues from the
N-terminal region, and that the cleavage site becomes exposed under acidic conditions, leading to a facile
cleavage by the furin enzyme.
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Most proteolytic enzymes are synthesized as zymogens with
proregions that are typically N-terminal extensions of the
mature enzymes (Khan and James 1998). The functions of
the proregions appear to be multitudinous. Seminal studies
have been performed with subtilisins and the �-lytic prote-
ase that show the ability of the isolated proregions to assist
fast refolding of the denatured enzymes (Silen and Agard
1989; Shinde and Inouye 1993; Ruvinov et al. 1997). Pro-
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regions are often involved in the regulation of enzymatic
activities of the cognate proteases by means of selective
inhibition either in cis or in trans (Khan and James 1998).
These studies indicate that the ‘prodomains’ are separate
functional modules of the protease zymogens. Apart from
the chaperonin-like and inhibitory activities, proregions are
found to be involved in targeting the proteases to specific
organelles (Valls et al. 1990; Takeshima et al. 1995), mem-
brane associations (McIntyre and Erickson 1993; Jan et al.
1998), and glycosylations (Chapman et al. 1997). Under in
vivo conditions, temporal inhibition imparted by the prore-
gions regulates premature proteolytic activities of the pro-
teases that could lead to unwanted protein degradation. The
‘activation’ of the proteases refers to the proteolytic cleav-
age of the inhibitory prosegments, leading to the release of
the active enzymes. The cleavage of the proregions can be
achieved by other enzymes intermolecularly or by the same
enzyme in an intramolecular or autocatalytic pathway. It
has been shown that the acidic environment is the most
common parameter in triggering the activation of cysteine,
aspartic acid, and metalloproteases zymogens (Erickson
1989; Takeda-Ezaki and Yamamoto 1993; Mach et al.
1994).

Mammalian PCs belong to the family of subtilisin-like
serine endoproteases, which are responsible for the post-
translational processing of a variety of higher molecular
weight precursor proteins within the secretory pathway
(Van de Ven et al. 1993; Seidah et al. 1994; Seidah 1995;
Nakayama 1997; Seidah and Chrétien 1997). The endopro-
teolytic activity of the convertases is manifested by the
cleavage of protein substrates at specific paired residues or
multiple basic residues (Nakayama 1997). At present, there
are eight distinct convertases that are homologous with bac-
terial subtilisins and the yeast-processing enzyme kexin
(kex2p) (Nakayama 1997; Siezen and Leunissen 1997; Sei-
dah and Chrétien 1999). Furin was the first mammalian
convertase discovered, and is the most extensively studied
in the family (Roebroke et al. 1986; Fuller et al. 1989). Like
many other proteases, furin is synthesized as an inactive
precursor with an N-terminal, 81-residue proregion. Ini-
tially, it has been shown that the furin zymogen undergoes
an autocatalytic multistep processing of its proregion, where
the cleavage occurs at the C-terminal side of the two con-
sensus-furin-recognition sites, R78-T-K-R81∼, and R44-G-V-
T-K-R49∼. The second furin-mediated cleavage at R44-G-
V-T-K-R49∼ of the prodomain is significantly accelerated in
a slightly acidic environment (Anderson et al. 1997).

In this study, we show that the prodomain of furin is only
partially folded under physiological conditions. Regardless,
the prodomain undergoes a further unfolding in response to
acidic pH, whereby the C-terminal region is more suscep-
tible to pH-induced denaturation as compared with the N-
terminal region. We surmise that the pH-induced unfolding
transition of the furin prodomain could be related to the

activation pathway of the furin zymogen, where the region
encompassing the cleavage site R44-G-V-T-K-R49∼ is pre-
sumably hidden in a conformationally restricted environ-
ment by the residues from the N-terminal part of the prodo-
main.

Results

Conformational transitions in the furin prodomain

Figure 1 shows the low-field and up-field methyl reso-
nances of the proton NMR spectra of the furin prodomain
under neutral (pH 6.8) and acidic (pH 4.0) conditions. Pro-
ton spectra at the neutral pH are characterized by extensive
broadening of almost all resonances as shown in Figure 1a
for the aromatic ring protons, the amide protons, and the
most downfield-shifted N�1H resonances from the indole
ring of the three tryptophan residues. The upfield-shifted
methyl resonances are also considerably broadened. At a
very low concentration (i.e., ∼0.02 mM of the prodomain)
there was no apparent change in the line widths of all the
proton resonances, precluding significant aggregation as the
source of the broad resonances. The broad line widths ob-
served at neutral pH for the prodomain are therefore a con-
sequence of intramolecular conformational transitions be-

Fig. 1. One-dimensional 1H NMR spectra of the prodomain of furin at pH
6.8 (a) and pH 4.0 (b) in a solution of 50 mM sodium acetate. Regions
shown are the low-field amide (7.8 ppm–9.2 ppm), aromatic (6.5 ppm–7.5
ppm) and the most down-field-shifted indole N�1H (10.12 ppm) resonances
(left panel) and upfield-shifted (1.0 ppm–0 ppm) aliphatic proton reso-
nances (right panel).
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tween differently populated structures at microsecond-to-
millisecond time scale (Wüthrich 1986). Even so, there are
extremely upfield-shifted or “ring current” affected methyl
resonances between 0.5 ppm and 0 ppm (Fig. 1a, right
panel), indicating tertiary packing interactions for at least
some populations of the conformational ensemble. Obser-
vation of significantly downfield-shifted amide proton reso-
nances at 9.0 ppm–9.2 ppm suggests the presence of hydro-
gen-bonded secondary structural elements (Fig. 1a, left
panel). These spectral features are also typically observed
for the molten globule-like states of many proteins gener-
ated under mild denaturing conditions (Baum et al. 1989;
Alexandrescu et al. 1993; Bhattacharjya and Balaram 1997;
Eliezer et al. 1998).

A gradual sharpening of the proton NMR spectra was
observed at pH 4.0, accompanied by reduced chemical-
shift dispersions (Fig. 1b), indicating acid-induced de-
naturation of the partially structured prodomain toward
an even more unfolded state. The disappearance of the
upfield-shifted methyl resonances at pH 4.0 (Fig. 1b,
right panel) strongly indicates the disruption of the (hydro-
phobic) core structure. The amide proton resonances are
restricted to only ∼1 ppm at pH 4.0, which suggests an
overall unfolded nature of the prodomain (Fig. 1b, left
panel). However, two upfield methyl resonances (at 0.65
ppm and 0.7 ppm) indicate the presence of some residual
packing at pH 4.0. The conformational characteristics of
the prodomain were further investigated by use of one-
dimensional proton NMR spectra at additional pH values.
At higher pH (pH 7.5–9.0), there were little changes in
the broad proton resonances, suggesting the absence of sig-
nificant conformational changes. Further increase in pH
toward more basic conditions caused precipitation of the
protein.

The effective hydrodynamic radii (Rh) were measured
at pH 6.8 and pH 4.0 using pulse-field-gradient (PFG)
NMR at identical concentrations of the prodomains
(see Materials and Methods). The values of Rh at pH 6.8
and pH 4.0 were calculated to be 25 Å and 30.5 Å, respec-
tively, indicating again that the broad proton resonances
at neutral pH cannot be a result of protein aggregation.
More importantly, the increased Rh at pH 4.0 suggests that
at pH 6.8 the prodomain has a more compact conforma-
tional ensemble than it does at pH 4.0. The compaction
factors (see Materials and Methods) were estimated to be
0.52 and 0.14 at pH 6.8 and pH 4.0, respectively. The com-
paction factor observed here for the prodomain at neutral
pH is found to be comparable to those values obtained for
the low pH molten-globule states of myoglobin, �-lactalbu-
min and cytochrome c (Wilkins et al. 1999). It is to be noted
that the hydrodynamic radii, or the compaction factors
measured for the prodomain, are slightly underestimated
because of the presence of flexible tag residues at the
termini.

Differential conformational behavior in regions of
the prodomain

Figure 2 compares the 1H-15N HSQC spectra of the prodo-
main, showing one-bond correlations between the amide
proton and the nitrogen-15 resonances. The HSQC spec-
trum at pH 6.8 (Fig. 2a) is characterized by only a few sharp
peaks along with many broad resonances. The extensive
broadening for the amide proton resonances (Fig. 1a) at this
pH severely reduces the quality of the HSQC spectra with
marked broadening and disappearance of many cross peaks,
which indicates conformational transitions and averaging
that involving most parts of the protein. The sharp reso-
nances in the HSQC spectrum may arise from the flexible
tag residues at the N- and C-termini. In contrast, the HSQC
spectrum at pH 4.0 has almost all the expected backbone
NH correlations (Fig. 2c), making residue-specific assign-
ments possible using standard triple resonance NMR ex-
periments (Bhattacharjya et al. 2000). An interesting feature
of the HSQC spectrum at pH 4.0 (Fig. 2c) is that some cross
peaks exhibit differential intensities, suggesting that the pH-
induced conformational transitions may not be experienced
the same way by all the amino acid residues. The relatively
broad resonances are from those residues that may undergo
slower conformational exchange on the chemical shift scale.
On the other hand, the sharper resonances arise from regions
of the protein that may be sufficiently unfolded and flexible
at pH 4.0. Figure 3 shows the relative intensities of the
HSQC peaks at pH 4.0 of each assigned residue in the
prodomain. Strikingly, essentially all the intense peaks are
found to be clustered at the C-terminal half of the prodo-
main that encompasses residues R44– R81. This observa-
tion indicates that the entire C-terminal region of the prodo-
main must have much more flexible conformations than the
N-terminal half of the molecule. In contrast, the HSQC
peaks from the N-terminal half of the prodomain appear to
be more broadened; for example, for residues V3, T7, W8,
A9, V10, V18, A19, S21 and A23 (Fig. 2b; Fig.3), suggest-
ing that the N-terminal part of the prodomain may retain
some more ordered structural elements than the C-terminal
region. The HSQC peaks cannot even be detected for resi-
dues I12, Q33, I34, Y38, Y39, H40 as a result of extensive
broadening of these resonances.

A 15-residue synthetic peptide (G36-D-Y-Y-H-F-W-H-R-
G-V-T-K-R-S50) were synthesized, and its conformational
characteristics were studied by use of two-dimensional 1H
NMR at both acidic and neutral pH conditions. This peptide
fragment did not show any broad resonances at either pHs
(spectra not shown) and may therefore adopt an extended or
random-coil-like conformation as judged by intense sequen-
tial C�H/NH NOEs and the absence of any long- or me-
dium-range NOEs (spectra not shown). In contrast, broad
resonances were observed for many residues of this peptide
segment at pH 4.0 as part of the full-length prodomain (Fig.
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Fig. 2. Two-dimensional 1H-15N heteronuclear single quantum coherence (HSQC) spectra of the prodomain of furin correlating single bond backbone NH
resonances. The HSQC spectra were acquired for the prodomain in 50 mM sodium acetate buffer at 303 K. Some cross peaks that arise from the N- and
C-termini tag-residues could be assigned and subscripted with t. The cross peaks inside the box are from the unassigned tag residues.
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2b,c; Fig. 3), suggesting that these residues in particular
may be involved in long-range interactions along with other
residues from the N-terminal region. The residual long-
range interactions observed for the N-terminal half of the
prodomain at pH 4.0 can be disrupted by the presence of a
denaturant, such as 4 M urea as evidenced by uniformly
sharp resonances under this condition (spectra not shown).

pH dependence of the conformational flexibility of
the prodomain

To gain further insights into the pH-induced conformational
transitions of the prodomain, HSQC spectra were recorded
at an intermediate pH 5.5 (Fig. 2b) under which more cross
peaks can be observed than neutral pH conditions. These
HSQC peaks were assigned by a combination of 3-D
NOESY-HSQC and TOCSY-HSQC spectra and also by
comparison with the HSQC spectra at pH 4.0. Some cross
peaks still cannot be assigned to particular residues because
of the lack of sequential NOEs. However, most of the cross
peaks are found to be from the tag residues that are flexible
at all pHs, thereby providing an internal reference. Apart
from these easily assigned cross peaks, others can be iden-
tified as from residues Q66, V67, E71, Q72, Q73, V74,
A75, and T79. Interestingly, none of the residues from the
first half of the C-terminal region could be observed in the
HSQC spectrum at pH 5.5 except for G45 from the second
cleavage site, which indicates increased conformational
flexibility around that region. Again, most of the residues
from the N-terminal region were not observable apart from
T5 and G32 even at a lower pH of 5.5, which indicates that
they still have severe line-broadening effects as a result of
slow conformational exchanges. These observations taken
together show that many of the residues from the first half

of the C-terminal region may be involved in slow confor-
mational fluctuations along with the residues from the N-
terminal part of the prodomain in a more structured envi-
ronment.

To delineate the relationship between the N- and C-ter-
minal regions of the prodomain, a 38-residue synthetic pep-
tide that encompasses residues R44–R81 was synthesized,
and its conformational characteristics were characterized by
use of proton NMR. Figure 4a shows the aliphatic region of
the one-dimensional proton NMR spectra of this peptide at
pH 6.8. Appearance of sharp proton resonances indicates
that this peptide fragment does not undergo any slow/inter-
mediate conformational exchange. Long-range connectivi-
ties that correlate the NH protons to the backbone and side-
chain protons can be clearly seen in a TOCSY spectrum

Fig. 3. Bar diagram showing intensities of the HSQC cross peaks as a
function of residue position of the furin prodomain at pH 4.0. A reliable
estimate of intensity could not be obtained for some residues, that is,I12,
F28, N30, Q33, I34, F35, Y38, Y39, and H40, from the N terminus either
because of signal overlap or extensive broadening of the HSQC peaks.

Fig. 4. (a) Aliphatic region of the one-dimensional proton NMR spectrum
of the C-terminal peptide fragment encompassing residues R44–R81 in 50
mM sodium acetate, pH 6.8, 303 K. (b) Region of the TOCSY spectrum of
the same peptide under identical conditions, indicating correlations be-
tween the amide proton, C�H proton and other side chain proton reso-
nances.
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(Fig. 4b). The very low chemical shift dispersions of 0.5
ppm both for the amide and the C�H protons also suggest
that this peptide fragment is preferentially unfolded at neu-
tral pH. There was no significant change in the NMR spec-
tra at pH 4.0, indicating the absence of any acid-induced
conformational transitions for this peptide fragment (spectra
not shown).

In summary, these results show that the furin prodomain
undergoes a conformational transition from a compact mol-
ten-globule like state at neutral pH to a more unfolded state
at acidic pH. This pH-induced unfolding transition is pre-
dominantly experienced by the residues from the C-terminal
region. In contrast, the N-terminal region appears to be rela-
tively more resistant to denaturation. Analysis of HSQC
cross peaks at pH 5.5 indicates that the last half of the
C-terminal region is more sensitive to pH change as com-
pared with the residues at the beginning. The absence of
exchange-induced line broadening in the proton NMR spec-
tra of a peptide fragment from the entire C-terminal region
strongly suggests that many residues from the C-terminal
region are very likely to be involved in long-range interac-
tions with the N-terminal region of the full-length prodo-
main.

Discussion

A molten-globule-like state of the furin prodomain
under physiological conditions

The full-length prodomain of furin, in isolation and at neu-
tral pH, appears to be ‘partially folded’ and undergoes a
slow (microsecond to millisecond time scale) structural
fluctuations over different conformational states, causing
extensive broadening of the NMR signals. The partially
folded state shows significant compactness, with elements
of secondary structures and persistent side chain–side chain
interactions. Similar conformational characteristics have
also been identified in the molten-globule states of many
other proteins, for example, in �-lactalbumin (Baum et al.
1989; Alexandrescu et al. 1993; Kim et al. 1999). Detailed
characterization using NMR and other methods has estab-
lished that the molten-globule state of �-lactalbumin is
highly compact and possesses secondary structures and a
less rigidly packed hydrophobic core (for review, see
Ptitsyn 1995). Therefore, the biologically active form of the
furin prodomain must also have a partially folded confor-
mation, one that is presumably molten-globule-like. The
prodomain of subtilisin, an enzyme belonging to the same
family as the convertase, also does not possess a well-folded
conformation under biologically active conditions (Eder et
al. 1993; Hu et al. 1996). Prodomains from other classes of
proteases including cathepsin B (Yu et al. 1998), cathepsin
S (Maubach et al. 1997) and carboxypeptidase Y (Sorenson
et al. 1993) show analogous conformational characteristics,

suggesting that many zymogen prodomains may assume
partially folded conformational states.

Recently, it has been shown that many biologically active
proteins or protein domains do not have folded three-dimen-
sional structures under physiological conditions, hence they
are termed ‘natively unfolded’ (for review, see Wright and
Dyson 1999). This class of proteins is mainly involved in
protein–protein interactions that control important cellular
events, such as cell-cycle regulation, signal transduction,
transcription, translation, export across the channels and im-
munogenecity (Kriwakcki et al. 1996; Daughdrill et al.
1997; Fletcher et al. 1998; Penkett et al. 1998). Conforma-
tional analyses of these protein modules by use of NMR
have so far shown that they are highly dynamic, noncom-
pact, and devoid of significant side-chain-packing interac-
tions (Kriwakcki et al. 1996; Fletcher et al. 1998; Penkett et
al. 1998). In some instances, only transient secondary struc-
ture elements can be detected for these proteins (Daughdrill
et al. 1997; Hua et al. 1998). In marked contrast with the
previous studies, persistent side chain–side chain interac-
tions, secondary structures, and significant compactness
were observed in the furin prodomain under physiological
conditions, showing that ‘natively unfolded’ proteins can
also possess elements of protein-like interactions. In addi-
tion, opposed to the notions that the unfolded conformations
can recognize diverse biological targets, the furin prodo-
main shows only limited target selections and exhibits high
inhibitory activities only to furin and PC5, an enzyme
closely that is related to furin (Zhong et al. 1999). Indeed,
selective inhibitions mediated by the prodomains in other
enzymatic systems are also well documented (Khan and
James 1998).

The restricted target selections by the furin prodomain
and other prodomains as well could be dictated by the per-
sistent structural orders of the free states. The ability to
recognize a large number of biological targets by the na-
tively unfolded protein domains has been postulated as a
result of an ‘inducible’ binding mechanism that must be
driven by a large and negative binding enthalpy (Parker et
al. 1999; Wright and Dyson 1999). In contrast, target rec-
ognitions by well-folded proteins are a ‘constitutive’ one,
which is determined by a favorable gain in enthalpy without
significant loss in conformational entropy (Wright and Dy-
son 1999). We propose that the specific and tight binding
that is exhibited by the furin prodomain and other prodo-
mains to the cognate proteases may be a result of ‘semicon-
stitutive’ binding mechanism. In such a situation, the re-
sidual structural elements in the partially folded state, most
importantly those involving side-chain-packing interac-
tions, could play critical roles in defining the specificity and
reducing the entropy costs for binding to the target proteins.
Indeed, NMR 15N spin relaxation measurements of the
binding of the S-peptide to the S-protein (Alexandrescu et
al. 1998) and the folding–unfolding transitions of the SH3
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domain (Yang et al. 1997) and staphylococcal nuclease
(Yang et al. 1997) have shown that regions with native-like
nonlocal interactions in the partially folded states experi-
ence the smallest entropy changes on binding or folding.
Presence of long-range order in highly dynamic conforma-
tional states, such as that assumed by the furin prodomain,
can also help retaining excess water molecules inside the
“protein core” (Kharakoz and Bychkova 1997; Denisov et
al. 1999), which is another significant entropy advantage for
target binding that can be realized if these excess water
molecules are released (Bogan and Thorn 1998) upon for-
mation of protein–protein complexes.

Acid-induced conformational transitions in
the prodomain

Previous in vivo studies have shown that the cleavage of the
furin prodomain is an autocatalytic and intramolecular pro-
cess, whereby the proteolytic cleavage occurs at the con-
sensus cleavage site or the C-terminal end of residues R78-
T-K-R81∼ of the prodomain (Leduc et al. 1992; Creemers et
al. 1995). These studies have also shown that the cleavage
at this potential site is a prerequisite for efficient transport of
furin from the endoplasmic reticulum to the trans-golgi net-
work. Recently, a multistep activation pathway of the furin
zymogen has been deduced, showing that, after the first
cleavage of the prodomain, a second cleavage at the R44-
G-V-T-K-R49∼ site in the middle of the prodomain under a
more acidic environment is critical for the activation of
furin (Anderson et al. 1997). The cleaved prodomain may
remain noncovalently associated with furin at neutral pH as
shown by coimmunoprecipitation (Anderson et al. 1997)
and by the observation that a peptide fragment from the last
10 residues (Q72QVAKRRTKR81) of the prosegment re-
tains some inhibition to the furin enzymatic activity (Zhong
et al. 1999). The pH-induced multiple cleavages of the
prodomain have also been described for another enzyme
PC2 of the same enzyme family (Braks and Martens 1994;
Matthews et al. 1994) and may be a common mechanism for
the activation of other convertases. Several possible confor-
mational changes can be responsible for this pH-dependent
activation process, namely a major structural rearrangement
of the protease itself, dissociation of the cleaved prodomain
from the enzyme surface caused by destabilization of the
interactions between the prodomain and the protease do-
main, or simply an unfolding of the proregion at acidic pH,
enhancing proteolysis.

Here, we show that at neutral pH the isolated prodomain
has a compact molten-globule-like conformation with a
semirigid protein core. In response to lowering pH, there are
major conformational changes occurring within the prodo-
main. The lowered stability of the core structure at low pH
strongly indicates that the involvement of ionic interactions
among the residues as the C-terminal part of the prodomain

is highly polar, containing many charged amino-acid resi-
dues and only a few hydrophobic and aromatic residues. In
contrast, there are many aliphatic, aromatic, and a cluster of
aromatic residues, Y37-Y-H-F-W-H42, along with some
positively charged residues in the N-terminal region of the
prodomain. This typical sequence feature for the furin
prodomain is shown to be highly conserved in the conver-
tase family (Siezen et al. 1995), indicating that other prodo-
mains may have similar conformational characteristics. The
second cleavage site, R44-G-V-T-K-R49∼, close to the aro-
matic cluster, may be effectively sequestered inside the core
structure at neutral pH and thereby not well accessible for
proteolytic cleavage. Lowering of pH may result in disrup-
tions of the stabilizing ionic interaction(s) that lead to com-
plete denaturation of the C-terminal half of the molecule
and causes the second cleavage site to assume a flexible
conformation, thereby promoting a facile cleavage of the
prodomain.

Materials and methods

Expression and purification of the furin prodomain

The furin prodomain was overexpressed and purified by use of the
Escherichia coli strain BL21 (DE3), using the procedure published
elsewhere (Zhong et al. 1999). Apart from the 81 residues of the
prodomain, the expression construct also contains an extension of
a few residues at both the N and C termini, including a six-residue
His-tag for Ni+2 affinity purification, leading to the final amino
acid sequence of the expressed protein as MASMTGGQQMGRDP-
(Q1KV—KR81)- DVAAALE-(H)6. The expressed prodomain with
the additional residues is highly active as a selective inhibitor
against the enzymatic activity of furin both in vitro and ex vivo
(Zhong et al. 1999). For the production of 15N-labeled or 15N/13C-
labeled prodomain, the expressing bacteria were grown in the M9
minimal medium supplemented with either (15NH4)2SO4, or
(15NH4)2SO4/13C-glucose. The cells were grown to an OD600 of
∼0.6 and induced by isopropyl �-D-thiogalactoside (IPTG) at a
final concentration of 0.5 mM, and grown for another 6 hr before
harvesting by centrifugation. Cell pellets were resuspended in a
buffer containing 20 mM Tris-HCl, pH 8.0, 500 mM NaCl, and 5
mM imidazole, followed by sonication and centrifugation. Be-
cause the expressed prodomain forms inclusion bodies, cell pellets
were redissolved in the above-mentioned buffer containing 8 M
urea. The cell lysate thus obtained was loaded onto a Ni-NTA resin
and the protein was eluted with high concentrations of imidazole.
Fractions containing the prodomain were extensively dialyzed
against a 50 mM sodium-acetate buffer at pH 4.0 to remove urea.
Finally, samples for NMR analyses were prepared in a solution of
50 mM sodium-acetate, containing 10% D2O and a cocktail of
protease inhibitors, phenylmethylsulfonyl fluoride, leuptin, and
pepstain. The protein concentrations were estimated to be ∼0.8
mM for samples used for NMR measurements.

Peptide synthesis and purification

Peptides were synthesized using standard FMOC chemistry on an
Applied Biosystems 431A synthesizer. The synthetic peptides
were purified on an using a preparatory C18 column with a linear
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gradient of acetonitrile/water mixture containing 0.1% tri-fluoro-
acetic acid. The major peak fraction was collected and lyophilized.
The masses of the peptides were verified by use of electrospray
mass spectrometry. Peptide samples for NMR experiments were
prepared in 50 mM sodium acetate at pH 6.8. The peptide con-
centrations were typically 1.5 mM, and the experimental tempera-
tures were fixed at 303 K.

NMR experiments

All the NMR experiments were performed on a Bruker Avance-
500 or a Bruker Avance-800 spectrometer equipped with (PFG)
units. The water solvent resonance was suppressed by the
WATERGATE method (Piottio et al. 1992). A purging field gra-
dient pulse and a water flipback pulse (Fulton and Ni 1997) were
employed for the acquisition of the two-dimensional NOESY and
TOCSY data in aqueous solution for the peptides. The mixing
times were 250 ms for NOESY experiments and 68 ms for TOCSY
executed with the TOWNY-16 (Kadkhodaei et al. 1993) mixing
sequence. Typically, free induction decays were collected with
2048 data points with 256–512 t1– increments. The NMR data
were processed using the XWINNMR software, using �/2 or �/4
cosine window functions along both time dimensions. The detail of
all the triple resonance experiments that were performed for the
resonance assignments of the prodomain at pH 4.0 have been
described elsewhere (Bhattacharjya et al. 2000). The 15N-edited
3-D NOESY-HSQC, and 3-D TOCSY-HSQC experiments at pH
5.5, were performed on the Avance-500 spectrometer with mixing
times of 200 ms and 50 ms for the NOESY and TOCSY periods,
respectively. For the 3-D experiments, the data sets typically con-
sisted of 96, 30 and 1024 complex points in t1, t2, and t3, respec-
tively. The NMR data were processed using NMRPipe (Delaglio et
al. 1995) and analyzed by use of NMRView (Johnson and Blevins
1994).

The hydrodynamic radii of the prodomain were measured at pH
6.8 and pH 4.0 by PFG NMR-diffusion measurements based on the
method described by Wilkins et al. (1999) except that CH3COO−

was used here as an internal reference molecule. Diffusion experi-
ments were performed with the PG-SLED pulse sequence employ-
ing diffusion gradients along the (transverse) x-axis. The lengths of
all pulses and delays were held constant, with only the gradient
strengths varied from 6% to 100% of their maximum values. The
decay of the 1H resonance signals were fitted to a single Gaussian
expression: I(g) � Ae-dg2, where I, g, and d represent intensity of
the signals, gradient strengths, and decay rates, respectively. The
hydrodynamic radii were calculated using the equation
Rh

prot � dref/dprot (Rh
ref; Wilkins et al. 1999) where Rh

prot is the
protein hydrodynamic radius and Rh

ref is the hydrodynamic radius
of the reference molecule, CH3COO−

, dref and dprot are the decay
rates for the reference molecule and the protein, respectively. The
hydrodynamic radius 2.3 Å of CH3COO− was calculated following
the relation, Rg � (3/5)1/2 Rh, correlating the radius of gyration
(Rg) with Rh (Wilkins et al. 1999). The hydrodynamic radius of the
native state of hen lysozyme was estimated here to be 20 Å using
2.3 Å as Rh

ref, which is in excellent agreement with the previous
estimation of Rh for lysozyme using dioxan as a reference mol-
ecule (Wilkins et al. 1999). The compaction factors (C) for the
prodomain were obtained from the hydrodynamic radii following
the relationship, C � Rh

D
−Rh / Rh

D
− Rh

N where Rh
D and Rh

N are
the predictive values for the hydrodynamic radii of the native and
fully denatured states, respectively, and Rh is the experimentally
measured hydrodynamic radius (Wilkins et al. 1999).
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